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Approximately sixty developmental mutants of Mysecoccus santhus M300 
♦were obtained through nitrosoguanidine mutagenesis. These were pldced into 
* three operationally-defined categories. Type I strains exhibited no
aggregation or sporulatwn. Type II strains were able to aggregate but did not 
spbrulate, A  strain classed as a Type III strain was a low capacity fruiter. r 
Each category displayed defects in cyclic nucleotide involvement whidh could be 
predicted from the current model. Most significantly, several aggregationless 
(Type I) mutants lacking cQMP phosphodiesterase aggregated in the presence of. „ 
externally applied phosphodiesterase. Evidence was also obtained that 
sporulation requires close packing, involves cAMP phosphodiesterase and 
involves a developmental pathway independant of aggregation. These results 
support the current idea of> the role of. cyclic nucleotides in the development 
of M. santhus.
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INTRODUCTION^-
. o
, u
, ’ . Mysoeo'ccus xqnthus is a; gram negative bacterium that p o sse ss§ |^ e |jip l^
' • . f ' " ■ « V  ' ”
life el'elf (McCurdy, 1974), Hence-it provides ah excellent procaryotic system'
t  ., • •» , -o ■ - ' „ . .  * . .  k
esf.of morphogenesis and cellular differentiation. ; ' 4 ^
m M  ssnthm  vegetative cells are.grown on'a solid surface in a  ^ '
* ' "I. , ‘  ^ < .. * *
sufficiently high sell density and under starvation conditions, they-undergo, a
' . t.... « f  ■ ^
fruiting process in which they exhibit gliding motility and glide4o
. . . /  * •“ "  ■ ■ v . »' ’ ' \  *•
aggregation centres resulting in discrete piles or mounds. The vegetative
■ ($ « 1 o.
cells then become ovoid, environmentally resistant resting" cells termed '  ^ .
v  ■ ’  D ¥  '  '
microcysts. w  ■ ■ ■
■ * ' ' " . ‘ X  ' ’ : %s - '
The M. santhds morphogenetic system is convergent with the . '
I * “•'1 , „ ^  • .
Di&tyostelium discoidhm  (a cellular slime mold) system (Newell, 1977). The
*  * V  •
two systems show remarkable siSSlarities* When nutrients are depleted, the 
initially free-living D. dissotdeum amoebae differentiate into ^ aggregation*- ' '
a 9 t  t
competent’cells that respond chetaotactically to pujses of cAlftP (S’,5 -cyclic
a ’ J • . £ .»' • •
adehdsine monophosphate) to form a multicellulaf^frulting body (Konijn et al.,
f . o '
■ ” 4 - I .  **
1967). The eAMP phosphodiesterases (cAMP-PD) play a significant role-kfJhe-
. -4,
cellular responses presumably by modulating the concentration of cAMP to ^
" “■ 1 v’" ’ ¥
maintain it within- the sensitive range^Taorchen and Hend^ oh, 1976).
0 y
During the onset of aggregation-competence, D. discoideum synthesize a." 
cell surface-located carbohydrate bipding protein, (discoidin), which i s ' 
suggested to play a role in cell-cell adhesion during aggregation“(Barondes,
1978). Cumsky and Zusman. (1979) were able to find a similar development- - 
-specific lectin, myxobacterial hemagglutinin (MBHA) in M. Xanthus, Thus, the
similarities between the systems may actually suggest similar morphogentic 
•mechanisms. . ’ ^  -
Initial studies attempted 0to identify the specific limiting nutrients 
Which led to fruiting,» Studies by Dworkin (1963) and Hemphill and Zahler 
(1968) suggested that starvation for amino adds could lead to fruiting.
However^ the medium utilised in these studies used the amino acids as carbon 
and energy sources as" well as protein synthesis substrates. Therefore it was 
not clearly evident .whether the decreased level of an amino acid led to
fruiting directly by limiting the-intracellular levels of that amino acid or0 ■*
whether the fruiting was an indirect response resulting from a decreased carbon 
and energy suppljyj£fanoil-(1978,:Ph,D. thesis) and Bretscher and Kaiser (1978) 
solved the problem by using a medium which included only low levels of the 
essential amino acids and identifiable carbon and energy sources. - These 
studies showed that fruiting cijiuld be induced directly through decreased levels * 
of ■essential amino adds. Fruiting was also found, to be induced by starvation 
for carbon and energy sources or starvation for inorganic phosphate as well as 
starvation for non-essential amino acids. The latter demonstrated that the •
fruiting process was a general response to the limitation of both essential and
. ■ • ' ““-S
non-essential amino acids.
a o '
A s m E. coii and other bacteria, starvation for ammo acids leads to the 
accumulation of guanosine polyphosphates (Cashel, 1969). Manoil and Kaiser 
(1980a) demonstrated that guanosine polyphosphate accumulation is dorrelated- 
with nutritional conditions that induce fruiting and therefore may serve as an 
intracellular signal-to trigger the fruiting mechanism. The same group (1980b)
* i a *
also demonstrated that different purine-containing compounds- induce fruiting
* d? >
through a single mechanism involving nutritional imbalance.
8 - . .
' 'r-r' ' ' '
Attention burned to Finding out how the myxobacteria recognise-amino acid
4 ®- 0  ^ o; starvation and studies began to focus on the cyclic .
nucleotides. . .
The cyclic nucleotides are ubiquitous, intracellular regulators and their
functions are related to adjusting the rates of cellular processes in response
* *
to external stimuli. 'i
The initial work in this area, with respect to the myxobacteria, focused
on cAMP because it was known that this compound was important in the response
* . 3  -
of the enteric bacteria to carbon and energy Source levels (Rickenberg, 1974;
'  e
Botsford, 1981). Campos and Zusman (1975) suggested that by growing vegetative
' - ft
cells at just below the threshold of starvation and fruiting, these cells might
. \  . * *• y.
recognize and respond to added chemical signals that might normally5 trigger 
fruiting. It was Found that Formation oF Fruiting bodies was stimulated by 
cAMP and ^ ’-adenosine diphosphate (ADP), with ADP being the better of the two.
Both Parish et at (1976) and Yajko and Zusman (1978) reported an increased 
intracellular cAMP concentration when cells of hi. xanthus were induced tff  
•fruit. It was proposed that the increased concentrations of intracellular cAMP 
stimulated the expression of fruiting—specific genes.
In D. disooideum exogenous phosphodiesterase accelerated aggregation
I . / ' ' '
(Alcantara and'Bazill, 1976) and addition of cAMP suppressed the 
phosphodiesterase effect (Weir, 1977).
The results obtained with hi. xanthus are strikingly similar (McCurdy et 
at, 1978). Exogenous bovine phosphodiesterase accelerated the formation oF
fruiting bodies but it was found that 3’,5-cydic guanosine monophosphate
’ \  ■ ■ . . "
(cGMP) rather than cAMP suppressed the PD effect hence suggesting that cGMP was
the fruiting chemoattractant, in hi. xanthus. From cthese observations.
McCurdy <et at (1978) proposed a dual role mode! for cyclic nucleotides 
in the development of M. xanthus. Firstly, thatCne cyclic nucleotide, 
most likely eGMP'functioned in aggregation possibly as a chemotaetic signal. 
Secondly, they fafoured the suggestion of Zusman (!978) that dAMP may function 
as a derepressor of a differentiation-specific promoter site. Ho and McCurdy 
(1979) have since added support to this proposal by demonstrating that cGMP is 
indeed a chemoattracfcant for M. xanthus Under fruiting conditions.
Consistent with this proposal, it was subsequently reported that cAMP
concentration peaked- immediately after induction, that cGMP peaked. ■
■ /  - . - - ^   ^
intracellularly between 18-28 hours and that the latter also exhibited an ■
extracellular peak corresponding to aggregation. Furthermore, i t  was found
that cyclic nucleotide PD activities were maximal at the time of maximal
aggregation (Ho and McCurdy, 1980).
Orlowski (1980) was successful in isolating a cAMP binding protein of
jc
molecular weight 12,500 frq&i developing myxospores of M. xanthus. The binding
protein was specific For aAMP and other nucleotides did not compete with cAMP
for binding sites. Orlowski suggested that due to its small size, it is
plausible that it' could represent a transcriptional control element similar to 
•»
the CAP-protein in S. eoli (Zubay et at, 1970). Recently, a development- 
specific promoter has been identified which shows some homology to the promoter 
structures of E. cpji (Inouye, 1984). This may lend support to the suggestion 
of a cAMP-CAF, complex being active in M. xanthus. Although its specific 
function is not fenoftn, the internal concentration of cAMP is the critical 
variable in the binding proteins interaction with cAMP since the proteins 
intracellular levels do not change'.
Recently, Devi and McCurdy (1984a) have shown that the adenylate and
tf '
guanylate cyclase activities exhibited -peaks which would be consistent with 
their postulated roles. Devi and McCurdy (1984b) were also able to isolate two 
cAMP binding proteins and one eOMP binding protein.. OF the cAMP binding - 
proteins, one was periplasmie and \he other cytosolic. Both had different • 
values for and one of them, the cytosolic protein corresponded im
properties with the binding protein isolated by Orlowski (1980). The cGMP 
binding protein, was periplasmie and its, activity peaked at times of maximum 
aggregation thus adding further support, to its supposed jo le T ^ ^ —
In earlier studies, Hanson and Dworkin (1974) showed that M. xanthus 
excretes large amounts of nucleic acid derivatives during myxospore 
germination. Shimkets and Dworkin (1981) proposed that adenosine, excreted 
during fruiting body development, serves as an intercellular signal and that 
cells can monitor their cell density by titering the extracellular#
• concentrations of excreted adenosine. As was mentioned earlier, cell density 
is of major importance in the fruiting process (Wireman and Dworkin, 1975).
McVittie et at. (1962) suggested studying the development of M. xanthus 
through the use of mutants unable to form fruiting bodies. They isolated 
mutants and divided them into two classes and found that interclass synergism 
did occur but that intraclass synergism did not. ' i
Hagen et at (1978) also reported the isolation of non-fruiting and/or 
non-sporulating mutants. Certain of these mutants did show synergistic 
abilities. The fact that these mutants which could not sporuldte or fruit by 
themselves were able to fruit or sporulate when mixed with wild-type or 
appropriate complementary mutants implied that intercellular signals existed.
, " r-
Morrison and Zusman (1979) isolated temperature-sensitive, stage-specific 
defective organisms and postulated independent pathways for development. They
hypothesized that during fruiting body formation two or more pathways function 
at the same time. Furthermore,“'blocking one pathway did not prevent the second 
from functioning. Aggregation and sporulation were represented as separate 
parallel pathways according to their results. However, it could not be 
concluded that these two pathways were separate during normal fruiting. It may 
be that the two pathways are linked and that they are only uncoupled "when one 
pathway is blocked in mutants. ' ■
Rudd and Zusman1 (1979) isolated rifampin-resistant mutants some of which 
showed defects-in aggregation or sporulation. Rifampin is a specific inhibitoro
of RNA polymerase which binds to to the beta subunit (Linn et a t.,  1975,
*Rabussay and Zillig, 1969). It was concluded that the mutation in the RNA 
polymerase changes the transcriptional specificities of the enzyme. For 
example, the mutation may not allow the enzyme to bind a regulatory factor or 
recognize a certain promoter site. Their study implied that RNA polymerase 
plays a significant role in development.
The isolation of non-fruiting mutants provides evidence that there may be 
a sequence, somewhat like a biosynthetic pathway, linking morphological and 
biochemical events’ Three major classes of mutants have been found: (a) 
mutants that form somewhat normal aggregates of vegetative cells but do not 
become spores (Hagen et at., 1978); (b) mutants with abnormal aggregation and 
normal sporulation (Hagen et at., 1978, McVittie et at., 1962); and (c) mutants 
that neither aggregate nor sporulate properly (Hagen et at., 1978, Morrison ajid 
Zusman 1979, Rudd and Zusman 1979, McVittie et at, 1962).
The existence of these three broad classes suggests that fruiting may be 
divided into three parts: (i) initiation by starvation, (ii) aggregation and 
'“ fruiting body formation and (iii) the development of rpyxospores, with.steps
c N
\  '  •
■ unique to each stage and with steps connecting each stage to the next (Kaiser, 
Manoil and Dworkin, 1979).
In 1981, Kuner and Kaiser used the transposable genetic element Tn& as a 
marker that could, be linked to many genes. Like other transpcsofls, the Tn5 
inserts itself and becomes an integral part of the recipient- chromosome. They 
0 were successful in developing a pethod through which to analyse developmental 
and other non-selectable mutants. Later an in 1981, Tor(ti and Zusman used Tn5 
to map aggregation-defective, temperature-sensitive, developmental mutants of 
M. xanthus and characterised a cluster of developmental genes needed for
a .
aggregation. These were termed aggRX, aggR2, agt/RZ and ag$M  f aggregation 
defective Jough)
Zusman (1982) was able to isolate a new class of aggregation-defective 
mutants of M. xanthus which he termed "Frizzy" mutants. He was successful in 
mapping many of the mutations using the Tn5 insertion. After placement on 
fruiting medium the mutants appeared to exhibit some aggregation properties in 
that they formed lumps or flat mounds. Upon subsequent incubation these 
initial aggregates Regenerated into ribbon-like filaments with a tangled or 
"frizzy" appearance, th e  Tn5 insert has been,located adjacent to the "frizzy" 
loci and hence should allow cloning of these genes in a plasmid vector and
permit determination of the exact size of this region.
| ■ _
LaRossa et ai (1983) studied a group of non-sporulating mutants to 
examine if the cellular interactions were altered. Complementation studies 
divided the mutants into four groups and analysis showed that each of these 
groups represented a d iff^ n t defect in development. All the mutants, however, 
^  are induced to sporulate by the addition of glycerol. Thus the authors argue 
that sporulation during fruiting body development depends upon several prior
interactions between cells, a* -
■ &
Shimkets et at (1983) studied mutants defective in myxospore formation „ 
such as these df Hagen, et at (19.78). 'Analysis of a number of these mutants 
divided them.into four groups designated Spo A, Spo B, Spo 0  and Spo D. The 
Spo G group was also defective in rippling, a process during fruiting body 
development in which cells of M. xanthus accumulate .in parallel ridges which 
.move in concert tipples on the surface, of the medium (Shimkets and Kaiser,
1982). This process would seem to require interactions between cells. To 
investigate the function of the Spo 0  locus it was cloned in an E. eeii plasmid 
and then transferred to M. xanthus via specialized transduction with coliphage 
PI. The plasmid was integrated into the M. xanthus chromosome and allowed the 
construction of heterozygotes. Dominance and genetic complementation tests 
were done and their results suggest that a single transcription unit exists at 
the locus. That is, that sporulation and rippling are genetically linked.
Although morphogenetic mutants have been obtained and studied, no work has
■'4
been done with respect to the cyclic nucleotides and related factors. A s • 
previously mentioned, cyclic nucleotides and their respective phosphodiesterases, 
cyclases and binding proteins all are suggested to play a large role in the *
i ' ■ ■ * , -» . *
developmental life cycle of i i .  xanthus. By studying these factors in 
non-fruiting systems, we can reveal much information as to their specific 
involvement. ,
This thesis describes the isolation of morphogenetic mutants of Myxococcus
xanthus M300 and presents the results of studies of the involvement of
• >  .
, cyclic nucleotides and some related factors in an attempt to add further 
support-to the current proposed model. The major emphasis of this work is an 
attempt to. clarify the roles of cyclic nucleotides in the steps leading up to
aggregation. Hence the major emphasis was on aggregation-deficient strains.
10
0
MATERIALS AND METHODS
4r ' ’ '
Organism and Growth Conditions
A  wild-type strain lif. xanthus M300 (McCurdy et at., 1973) was used.
Culture techniques were-essentially those of McCurdy (1963), Hodgkin and Kaiser
(1977) and Hagen et at. (1978). All mutants used in this study were obtained'
From M. xanthus M8QQ. “ ' *
Isolation of Non-Fruiting Mutants
Mutagenesis was essentially by the procedure of Hodgkin and Kaiser (1977)
with some modifications.
Briefly, liqdfd- cultures were grown at 80°C on a shaker in 125' ml flasks •
each containing 30 ml of CTT broth (10 g/1 Casitone (Difeo, Detroit, ML); 1.97
• & '
g/1 M(gS04; 10 mM Tris-HCl, pH 7.6; 1 mM K2H P04-K H 2P 0 4, pH 7.6) (Hodgkin and 
Kaiser, 1977) for 36 hours to obtain a sufficiently high cell density 
(approximately 10s cells/ml).. Since this strain adheres to the sides of the 
flask, it is easily collected by mere Recantation of the broth. Ten ml of TM 
buffer (8 rnM MgS04; 10 mM Tris-HCl, pH 7.6) (Hodgkin and Kaiser 1977) were , 
placed into' the flask and the sides of the flask aseptically scraped to place 
the organisms into the buffer. The cells were washed by sedimentation (7000 x 
g) and resuspended in TM buffer. This washing was repeated twice more and the
t* ;
cells were resuspended in TM buffer. This cell suspension was placed into an 
omnimixing vessel (Ivan Sorvall, Norwalk Conn.) and omnimixed at a setting of 
90 on the rheostat for 90 seconds. The omnimixed sample was placed into a 
sterile flask and filter-sterilized N-m ethyl-N’-nitro-N-nitrosoguanidine (NG)
« u
was added feo’a^eqhcehfcrafciqn of 109 ug/ml The flask was- shaken at SO0C for
■ r / -  ■ ■  V - "  i t  - '
'20-25 minutes,; .After-treatment the sells were sedimented twice as above and .
resuspended. “This solution was dikted 1:10 into a fresh CTT broth-fiask and ■'
' • ’ ’ ’; * '
• .' 2>
allowed to grow for 86 hours. After, growth'; the cells were collected:as before' 
and suspended in dilution medium (DM; 0.5 g/1 MgS04JH 20, 0.25 g/1 K2HPQ4 and 5 
g/1 soluble starch) (McCurdy 1963). Omnimixing was done as previously described 
-and a ten-fold dilution series.(i0"4-10“7) in DM 'prepared.' Sets of - ?
G. -
plates o f 'd f1 agar (10 mM Tris-HCl,pH 7.6; 1 mM KH2P 0 4-K 2H F04; 1.97 g/1 MgS04
\. • 4
0.2 mg/m! (NH4)2S04; 150 ug/ml Casitone; 1 mg/ml sodium pyruvate; 2 mg/ml 
sodium citrate and 15 g/1 agar) with overlay (10 mM Tris-HCl, pH 7.6; 1 mM 
KH2P07-K 2H P04; 1.97!g/l MgS04; 7 g/1 agar) (Hagen et a/, 1978)
were made from each of the dilutions and allowed to incubate at 33°C. Optimal
plates were those with 100’to 150 colonies. The plates were observed for fruiting -
t •
body (FB) formation after ten days.'
Selection of Mutants
Colonies visibly abnormal in fruiting behaviour were isolated and placed 
on coli agar (15 g/1 agar; 2 g/1 packed E  <?<?//K12 cells) (Hagen et at., 1978)
followed by plating onto FM medium (1.4 g/1 K2H P04; 0.35 g/1 KH2P 0 4; 0.4 g/1
Casitone; 1.0 g/1 MgS04.7H2G and 15 g/1 agar)(McCurdy et at, 1978) or CF 
medium (Hagen et at, 1978). Stock cultures of isolated mutants were kept 
frozen on CTT agar at -76°C.
Harvesting of Cells 4
FM plates were each spot-inoculated with approximately 7 x 10® cells and
after brief drying, incubated at 28°C. After various time intervals, a number
❖ «.
of replicate plates were harvested by scraping the cells from the agar surfaces 
and resuspendjng them in a buffer containing 0.05 M Tris-hydrochloride, pH 7.5;
12 \
O.Oi M MgGl2 and 8 mM mercaptoeShariol (TS buffer). The pells were  ^broken by a 
20 second burs!; of sonioation with a Bronwill Biosonik (Bronwill Scientific,
O ' 1
Rochester, New-York) set at FulLpower.
Cyclic Nucleotide Phosphodiesterase eA,esay -
The assay procedure used was that of Rangel-Aldao, Schwarts and Rubin
(1978) as modified by Ho and McCurdy (1980), Cells were starved for 38—40 
hours before feeing assayed as this has been shown, to be the . time of maximal • 
phosphodiesterase activity (Ho and McCurdy, 1980).
’ Briefly, the 100 ul reaction mixture contained 50 mM Tris-hydrochloride, 
pH 7.5; 10 mM MgCl2; 3 mM mercaptoethanol; 50 pmol tritiated cyclic nucleotide 
(approx. 4,000 cpm/pmol) and about 10-50 ug of protein. Assays’were carried 
out at 30°C for 10 minutes if the substrate was cAMP and 20 minutes <in the case 
of cGMP. Reactions were terminated by idr^ersihjg"the sample tubes in a 95°C 
water bath for 10 minutes.
Five microlitres of the reaction mixture was spottedJ).8 cm from the end 
of a 1.0 x 17.5 cm strip of poly</thyleneimine-eelluljase (PBI-cellulose). After 
brief drying under a heat gun, the strips were developed by 1 N formic acid:0.5 •
M LlCl (1:1) for 90 minutes by ascending chromatography. Aliquots, (65 ul), of
12.5 mM solutions of non-radioactive nucleotides and nucleosides were co-
* f
chromatographed along with each sample to facilitate ultraviolet visualization
of the separated spots. The spots were visualized using a short-wave UV lamp — 
(254 nm). 1 ! ,
Extraction of Radioactive Labels from Plil-celhilose
Radioactivity was eluted from chromatographic plates according to the 
method of Ho and McCurdy (1980) and Ho st at (1979).
Nucleotide and nucleoside spots were cut out as 1 cm squares and
*  ' i  ^
transferred to plastic filmware scintillation bags (10 ml). Fifty mlerolitres
of 0.2 M ’NH4C03 (pH 8.8) was added te'eaeh square and allowed to stand for 80-
■ ' v J '  j ' ■ ' *..= ■ ■ :
l^nufces. Ten millilitre-volumes of scintillatiop fluid were added to the-bags
> • t 0  _
and the latter heat-sea led  The bags were inserted iqjg standard plastic -
*
scintillation vials for counting. / .
Effect of Cyclic Nucleotide Phosphodiesterase on Mutants
° The technique used was essentially that of McCurdy et at. (1978) with a . 
minor modification. . ' '
yC> * * *. *
Three millilitre^quantities of FM medium were poured into 50 x 9. mm petri • 
dishes (tight lid, Falcon type 1006). After the agar sqlidified the-condensate 
was allowed to dry off by leaving the covers partially open" for 3-6 hours, 
liach dish was divided into halves. On each of the halves of qne plate were 
 ^ spotted 25 ul of filter-sterilized phosphodiesterase (PI)) in water (j>0 ug 
protein, 0.01 units). Each half of a secohd plate was spotted, with ! sterile
c? ^
distilled water and the halves of a third plate were left unspotted. Each half • ,
of all the plates was then inoculated-with the strain -to be. tested and the
< 0 spots were allowed to dry. The number of fruiting bodies were counted over a
period of 8—10 daysVith the aid of a dissecting microscope.
Nucleotide Cyclase Assays ' 3 ,
The methods were essentially those of Devi and McCurdy (1980a). Cells .
were starved for <8 hours prior to being assayed as this is the time of maximum
activity of guanylate cyclase (Devi and McCurdy, 1984a). *' . ■ .
Preparation of Cells for Assay. Toluene treatment of cells was done according
to Harwood, and Peterkofsky (1975). Ten ul of toluene was added to 1 ml of cell.
- 9 ■- * ’’
suspension containing .approximately 0.5 mg/ml protein and incubated at 3C$C for
10 minutes.’ . '. :
Gmiiytate Gysiase. The reaction mixture contained 89 mM Jris-hydrochloride, pH
■ 7.5; 2 mM'MnSO^ 2 mM creatine kinase; 2 mM pho^phoereafcine; 3 mM sodium aside; 
8 mM l-metfiyl-3-isobufcylxanthme (IBMX, a known phosphodiesterase inhibitor in ■
■ M. santhns, Ho and McCurdy, (1980));'2 mM mercaptaethanol and i mM <3TP. The
• ;■ reaction was carried- out at 89°C for 10 minutes and stopped by adding 85 ul of-''
0.2 M acetic acid (pH 2.7) at 4°C |oil®wedJby boiling for three minutes. After'
* « 
cooling, 15 ul of Q.8 N NaOH was added to neutralize the reaction mixture and 
t  . . . „ e
cGMP determinations were made using the radioimmune ^ss |y  of Steiner et at. « .
1 ♦
(1972). , ’ r
: e  , • *  >->
Assay of Cyclic Nucleotides • ^
Cyclic nucleotides were assayed using the radioimmune "^Say of Steiner et
1 ■ • s .
ai. (1972).. The extracts to be assayed were sjpjcated as previously mentioned,
’■ ■ - " ,  0 
immediately heat inactivated (95°C for 10 minutes) and centrifuged to remove
- ’ ®
precipitated protein (Ho and McCurdy, 1980).
. . .  . J
Mass Induction of Myxosporee
X The mass induction of myxospores was .done essentially by the method of 
Burchard (1975). . •
. Strains.'to be Rested were cultured in CTT broth on a shaker at 30°C tos •
° . ' . . ’O '
; obtain‘large cell aliquots. For myxospore induction strains were placed int^
0.01 M K2HP0^-KH2PO4 buffer (pH 7.6) plus 0.004 M MgS04 (P04-Mg) and shaken
. at 30°C. Samples were taken at 1 day intervals and observed for myxospore
formation. . > & *' ■' .
Effect of Exogenous Cyclic Nucleotide - -
- Exogenous cyclic nucleotide wap added as per McCurdy et at. (1978).
Cyclic AMP was added at a concentration of 0.7'mM. Cyclic GW£p  was added at a 
! ■ ’ 
concentration of 0.5 mM. • ' <*, . v , ‘
1 4 S I S h ... °
Protein Determinations * " » ■ I
• -  ' ^
■ ■ The method, of .Lowry (1951) W3^iised for protein estimations^. , ' -
. v> ■ * ,• " A  * c
Bbvine' sequin albumin- was used as standard. : ,; , j .
' \ ■■■■'. ' - , ' ■ . - V” .
BiochemicalB b .
'■ The following" compounds were obtained from' Sigma Chemical Go, (St. Loui^f* ^
Md): Adenosine S’-fcriphosphatej-sodium sall^AT^?); Gilanosine 5!“ triphospfmte, • '
lithium salt (GTP);-Adenosine'S'.S’-monpphqspJiate.fcAMP); Guanosine 3’,5 -
monophosphate (cQMP); Adenosine monophosphate (AMP); Guanosine monophosphate
(GMP); l-metfiyl-3-isobutylxhnthine (IBMX), 2-mercaptoethanol,"Phosphccreatine,
Creatine kinase, Sodium azide, Tris-(hydroxymethyl)-aminq methane (Tris) and ’ . -
" - “ * ' 9
o. ’ ' . t- * .
bovine cyclic nucleotide phosphodiesterase (PD). The Casitone. and soluble . V 
starch were bbtained^From Difeo (Detroit, MI.). The cAMP and cGMP radioimmune 
assay (RIA) kits and Atomlight scintillation cocktail .were obtained frorh, New * 
England Nuclear Corp. Lachihe, Que.). ,
'V *
(8-3H) Guanosine 3’,5'-monophoSphate (15 Ci/mmol) and (8-3H) Xdenosine 
8|,5’-monophosphate (26 Ci/mmol) were obtained from Amersham Corp. (^s^ville, 
Ontario). - . - ^  •
k f *
For liquid scintillation counting, the film ware bags were obtained from
. '.1; «a
Nalge Co. (Rochester, New York). Toluene was obtained Jrom Fisher Chemical Co.
V *
(Don Mills, Ontario). Samples were counted im a Beckman'LS 3150 jP counter)
'  ■ /  '  !
The precoated plastic chromatographic sheets of Pfil-cellulose (Polygram 
\ *  ' . *  ^ " ' it
Cel 300 H3!) were obtained from Brinkmann Instruments (Canada) Ltd.
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_  RESULTS
o b »
ft' > 0 .
' I
In the clone fruiting procedure oF Hagen et 0/  (1978), cells of M. • ^
‘sanihus were plated on'CF agar with an overlay. This medium had sufficient 
nutrients to permit colony formation but did not allow colony growth. Under 
these conditions, single cells divided to form small colonies ajid the fruiting 
proficient cells within the colony later formed several small fruiting bodies.
^ I f  the cells were of a non-fruiting proficient strain then characteristic 
diffuse, flattened colonies resulted with no fruiting bodies being formed.
c Q ' ' ' ' '
This allowed for the selection of fruiting-defective suspects.
 ^ Cultures were mutagenized as described im materials arid methods. Through 
the above method, over 43,OOP colonies were screened and over 150 suspect 
colonies isolated. All suspected colonies were retransferred to CF agar twice
‘more to establish stability,. Of th#se 150 colonies, approximately 60 stable
• „ . J r
“ fruiting-defective mutant strains were isolated.
Stable isolates were placed into three, operationally-defined categories 
l>ased on their colony morphology (Table 1). Type I colonies showed no 
aggregation or sporulation. Type II colonies were those which formed 
aggregates but did not sporulate. The Type III category contained only one 
isolate which did show aggregation and sporulation -but was classed a fruiting-
1  defective strain since, it demonstrated a low fruiting Capacity when
' v, .
compared to the wUd^type M30Q.
Our current model assumes th |t  cGMP is the chemoattractant involved in the 
aggregation process and thus a cG |jp/cG M P-PD  $ytem vjas implicated (McCurdy et 
ai.t 1978). According to the model then, aggregation-deficient strains may
Table 1. Categories of Fruiting-defective Isolates*4*
Type Fhenotype Number of. Isolates
I , agg'spo" • ^ '9
II . agg*sp0" ■ , ; 51
III . agg+spo+ . 1
(a) The single strain placed in category III is Fruiting proficient b it
produces fdwer fruiting bodies than the „wild type. Hence it is classed as 
a fruiting-defective strain. All strains were obtained after isolation 
and replating on FM agar. The phenotypes described represent the 
phenotypes after 10 days, of growth on FM agar.
• 4
not aggregate because of altered synthesis of eGMP,- altered phosphodiesterase - 
activity or altered eGMP feceptors. Phosphodiesterase activity, being the 
simplest to measure, was examined first. The assay was carried out as 
described in the materials and methods section.
Cells were, starved for approximately 88-40 hours prior to harvesting and 
-processing as this is the time during which phosphodiesterase levels are at a ..
maximum in the wild-type strain (Ho and McCurdy, i960). This time, also •
\ *' ■ \  
corresponds to the period of maximum aggregation in the wild-type M. santhm ~
M300 cells (Ho and McCurdy, i960). Chromatographic separation resulted in Rf
values of 56 for oGMP, 62 for GMP, 24 for cAMP and 8.0 for AMP. Test strip's
showed that approximately 90-100% of radioactivity corresponded to the labelled
substrate spot (results not shown). All strains of the type I, agg- pheno.type
tested showed severely reduced levels of cGMP-PD activity when compared to the
wild-type (Table 2). Furthermore, significant cAM P-PD activity was- detected in
* '
these same agg" strains (Table 3). —
For comparison, several strains of agg* phenotype cells were tested 
for 6GMP-PD activity. All showed significant levels of cGMP-PD activity (Table 
4). ■ -
If failure to aggregate is due to a defect in cGMP-PD then addition of 
exogenous PJ) should correct the defect and produce fruiting. Indeed, ■ 
approximately 50% of the aggregation-deficient, type I strains tested showed 
induction of fruiting (Table 5).
Type' II strains aggregate with the same timing as the wild type. They 
also exhibited the same acceleration of aggregation (table 5). Most 
surprisingly however, some strains were actuajly induced to sporulate (Table 5).
iTable 2. ’ Cyclic GMP-PD Activity in Type I Strains^
87
Strain
■M3Q0 
NFM 
NFM (10 
NFM 64 
NFM 72 
NFM 84 
NFM 101
Control (epm) 
(cGMF) - (GMP)o3
3110 + / -  267 
3042 + / -  102 
2708 + / -  92 
3776 + / -  66 
3279 + /— 138 
2644 + /-341  
1860 + / -  30
■42 29
95 + / -  15 
42 + /-1 8  
35 + / -  2 
70 + / -  16 
114 -*-/- 10 
85 + / -  15
Test (opmj
(GMP)
492 -+7-150' 2558 + / -  344 
2082 + / -  j83 386 + /--5
1953 +/->234 218 + / -  80
1963 + / -  68 171 + / -  129
2188 + / -  72 498 + / -  30
1940 + / -  520 359 +/~  59
1062 + / -  !38 355 + / -  45
(a) All cultures were starved for 38-40 hours prior to being assayed. The 
presence of activity was determined by addition of tritiated eGMP to boiled 
(control) and untreated (test) cell-free extract and measuring the 
resulting tritiated GMP formed. The substrate and end product were 
separated by thin-layer chromatography on PBI-cellulose strips. All 
strains were tested at least three times and the values given are expressed 
as average cpm Followed by a standard deviation.
v
Table 8. Cyclic AM P-PD Activity in Type I cells ^ o
v • Control (epm) Test (cpm)
Strain (cAMP) (AMP) (cAMP) (AMP)
ksCO * 2682 + / -  321 22 + / -  f  365 + / -  20 2564 + / -  148
W M  40 . 3132 35 ■ 392 *844 748 + / -  128 2834 + / -  141
NFM 101 3560 + / -  448 26 + / -  15 1490 + / -  125 2188 + / -  194
NFM 132 +3761- +/-■245 453 + / -  142 148 + / -  67 3255 + / -  139
(a) All cultures were starved for 38-40 hours prior to being assayed.' The 
presence Sf activity was determined by addition of tritiated cAMP to boiled 
(control) and untreated (test) cell-free extract and measuring the 
tritiated AMP formed. The substrate and product were separated by thin- 
layer chromatography on PEI-cellulose strips^LEach strain was tested three 
times and the values given are expressed as average cpm followed by a 
standard deviation. \  -
Table 4. Cyclic GMP-PD Activity in Type II Strains ^
Control (cpm) „ ' Test (cpm)
Strain ’ (eGMP) (GMP) (eGMP) (GMP)
M80G 3562 + / -  751 17 + / -  2 437 + / -  76 i 3240 + /-. 749r " "
NFM 1 ‘ 3261 + / -  .518 ’42 + / -  21 414 + / -  98 3331 + / -  638
NFM 3 ' ’ 3367 + / -  §20 12 + / -  1 281 + / -  1? 3016,+/- 398 .
NFM 65 . . 3369 + / -  247 31 + / -  6 • 418 + / -  64 2961 + / -  50
NFM 100 3557 + / -  661 34 + /~ 3 656 + / -  53 2894 + / -  380
(a) All cultures were starved for 38-40 hours prior to being assayed. The 
presence of activity was determined by addition of tritiated eGMP to boiled 
(control) and untreated (test) cell-free extract and measuring the 
formation of tritiated GMP. The substrate and product were separated by 
thin-layer chromatograp'hy on PEI-cellulose strips. All strains were tested 
at least three times and the values reported are expressed as average cpm 
followed by a standard deviation.
r
Table 5. Summary of 'Results of Phosphodiesterase Application to Isolates®4'
Strain . -PD  +PD
M30Q F AA,F
'Type I 
NFM 37
- NFM 40 -  F
NFM 64 F
NFM 72 — \ 1
■ NFM 101 -  ' 1 F
Type II ,
NFM 3 NA ' A A
NFM 75 NA ’ AA
NFM ill . - NA AA
NFM 5 ' NA AA,F
. NFM 16 • NA „ AA,F
NFM '54 NA' ' AA.F
NFM 57 NA AA,F
. NFM 65 NA AA,F
NFM 73 NA AA,F
NFM 110 NA AA,F
NFM 114 NA AA,F
Type III
NFM 34 F AA,F
r
(a) NA = normal aggregation; AA = accelerated aggregation; F = completes 
fruiting with sporulation; -  = fails to develop. Twenty-five, ul of cell 
suspension containing approximately 106 cells was overlayed either 
on spots of bovine phosphodiesterase on FM agar or on the agar itself. 
Small 9 x 50 mm, tight-lid petfi dishes were used. The presence and time 
of aggregation and/or sporulation was recorded. All results are for ten 
days post-spotting.
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Addition of exogenous PD to NFM' 84, the type III, tow fruiting capacity 
strain, not only accelerated development but increased fruiting approximately 
sevenfold (Fig. 1). -■
The addition of phosphodiesterase to wild-type M800 resulted in 8
acceleration-of fruiting and a large increase, in .the number of fruiting bodies; 
formed as reported previously by McCurdy et ai (19781
Two eGMP-PB deficient, non-aggregating strains (NFM .37 and NFM, 72) were 
not induced by exogenous PD, (Table 5). This suggested that they were defective 
in some other capacity: for example, guanylate cyclase activity. When theses 
strains were examined for guanylate eyolase^both exhibited significant 
activity (Table 6).
* o
However if there were changes in the timing of the guanylate cyclase 
activity associated with morphogenesis then this might account for the lack of
S *
response. For this reason, a time course study of guanylate cyclase was done 
on several agg" and one agg+ phenotype strains. Results show that 
the agg+ strain demonstrated a normal guanylate cyclase activity profile 
but two strains of tfje agg" phenotype, NFM 87 and NFM 72, showed altered 
profiles (Figure 2). Strain NFM 37 showed a delay in peak activity of 
approximately 22 hours while for NFM 72 the delay was approximately 12 hours.
Cyclic GMP has been implicated in aggregation partly because of its 
ability to delay the appearance of aggregates (McCurdy et ai, 1978).
9
Exogenous eGMP was added to cultures of agg+ strains spotted on FM agar to
f
4
determine whether the eGMP' delays the appearance of aggregates. The results
are tabulated in Table 7. InlfjlDejfses, addition of exogenous 0.5 mM eGMP
delayed the appearance of aggregates as expected.
* /
ir
Figure 1  Induction of fruiting in NFM 34 by exogenous PD
The assay was done as described in materials and 
methods. The number of frufting bodies on the M300 
t placebo plates was found to be almost equal to that
Found on the control plates and thus, for the sake of 
simplicity, values for the placebo plates were not 
plotted. „
t A — A )  M300 control
( A — A )  M300 + PD , ( •
( 6 — %  ) NFM 34 control
( O — O )  NFM 34 placebo
' ( □ “ □ )  NFM 34 + PD
30
25
u-10
DAYS
Table 6. Guanylate Cyclase Activity^
Strain t. Category ^ Specific activity* *<s .
M300 wild type 8.2 + / -  17
NFM 40 I ’ 5.0 1.0
NFM 64 I 3.8 + / -  0.2
NFM 101 ' I 1 9.9 1.9
NFM 37 . ■ I 2.5 + / -  0.0
NFM 72 ' I , 2.0 + / -  0.5,
NFM 1 11 \ . 7 .0  0.0
NFM 3 II 10.5 + / -  0.5
NFM 94 . 1 1 18.0 6.0
(a) Cells were starved for 8 hours prior to being assayed. The amount of cOMP 
produced was measured by radioimmune assay.
(b) (pmole eGMP produced/mg protein/min). Values are followed by the standard 
deviation. All cultures were tested at least three tiifies.
<r
/
Table 7. BFfect of Exogenous eGMP Addition
Strain'
Appearance of Aggregation*** 
(control) 7 (+ 0.5 mM eGMP)
M300 
NFM 3 
NFM 94
40
40
40
60
80
80
C
(a) Hours post-spotting to achieve.maximal aggregation.. Cultures were either V 
left untreated (control) or treated with 0.5 mM eGMP and the appearance of
maximal aggregation on FM agar recorded.
n
<r
vV* • .»* * i
■Q
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Figure 2. Guanylatecyclase profile of mutant strains
Cells were harvested and processed as described in 
materials and methods. Quanylate cyclase activity 
was assayed using*GTP as substrate and measuring 
<?GMP formed by radioimmunoassay.
( # — # ) '  M3Q0 
. (0—03 NFM 3 (Type II) 
{ A — A 3  NFM 37 (Type I) 
(A------A 3” N F M 72 (Type I)
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thfc0 According to e current model, cAMP derepresSes development-specific 
gends. Thus*, it should be possible to isolate strains having decreased levels
t a C-c »
of cAMP which when treated with exogenous cAMP should fruit. Only NFM 85, an
aggregation-deficient strain demonstrated fruiting after the addition of 0.7 mM 
cAMP (Table 8). - ' '  * • 1 ■ ' - - '
fl
Although the mutant strain NFM 84 does fruit, it Forms fewer fruiting 
bodies (Fig. 1). ■ The fact that this strain can actually complete the fruiting 
process implies that all the required genes are being expressed and the only . 
difference is in the efficiency of this gene expression-.
The levels of cAMP were monitored in this mutant over its developmental 
period to determine whether |hey were altered in any way. The levels were 
( found to peak at the same time as in the wild type but the-actual levels were 
much lower than expected (Fig. 3).
To determine whether or not aggregation was required for sporulation to 
occur, aggregation-defective cells were placed in PC?4-M g buffer and
. ' ■ , i ■
centrifuged (7000 x g) to pack the cells. Of all the strains tested, only;one, '
NFM 84 was induced to sporulate. When grown on a solid starvation medium, (eg.
& • .
FM agar); there is no evidence of sporulation even after0 ten days (results' not
►
• shown).
\Table 8. Effect of ‘Addition of Exogenous'cAMP
\
^Appearance of *b) 
Strain1*1 , aggregations fruiting bodies
M300 +(5) +(6)
NFM 37
NFM 40^  -
NFM 64 . .
■ NFM 84 -  -
\  NFM 85 +(5) +(6)
" NFM 101 -  -
NFM 182 - A
(a) All cultures treated with 0.7 mM cAMP.
(b) The numbers^m parentheses represent days post-spotting of appearance of 
the respective stage. + = positive; -  = no effect.
• v  • .  ?  ■ '
,/ 0 -
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Figure 3. Levels of cAMP in foFM 34 (Type III)
The assay was carried out as described in 
materials and methods. Cells were harvested at 
the times indicated after starvation on FM" medium. 
Cyclic nucleotide was measured by radioimmunoassay.
(O O) NFM 34
O to O IO o
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. DISCUSSION
Although much is known about the sporulation process in the development of
>
$ . M. xanthus,''jmy little is known about the aggregation process. This study 
utilized developmental mutants of M. xanfhus in an attempt to clarify the role 
of cyclic nucleotides in development. '
N-methyl-N-nitro-N-nitrosoguanidine has been widely used as a mutagenic 
agent in procaryotes (Adelberg et ai., 1965; Gichner and Veliminsky, 1982).
More specifically, it has been used to generate mutants in myxobacteria 
(Hodgkin and Kaiser, 1977; Hagen et at, 1978; Grimm, 1978). Myxoeoccns 
xanthns has been shown to be more sensitive to the lethal effects of NG but 
less mutable than other species tested (Grimm, 1978). This study utilized NG 
to obtain developmental mutants of M. xanthns blocked in various stages of the
fruiting process. A non-selective screening procedure was utilized, as
\
described in materials and methods, to select suspect mutant colonies. |
One of the difficulties in working with NG is the likelihood of. inducing 
multiple mutations in a small region of the bacterial chromosome (Guerola et 
ai., 1971). A s a consequence, the mutants may be rather complex and fail to - 
revert to wild type at expected frequencies. Thus it becomes necessary to
replate the mutants several times befor&i&ttempting to use them for further
analysis.
Approximately 60 stable, fruiting—deficient mutants were isolated. These 
mutants were placed into three operationally-defined phenotypic categories 
(Table 1).
• The model put forward by McCurdy, et ai. (1978) is given support by the 
results obtained in this thesis. Firstly, the absence of cGMP-PD should
85
prevent, aggregation, according to the model, because its absence should not 
allow eelte of M. santhus to maintain the ehemoatstrastant at detectable levels, 
it was Found that all the aggregation-deficient strains exhibited severely 
reduced cGMP-PD activity (Table 2). The addition of exogenous bovine PD should 
therefore, have corrected this defect jif the only defect was the absence of 
eGMP-PD itself. Only two agg- strains, NFM 37 and NFM 72, failed to 
respond to this addition of exogenous PD (Table 5). When tested for guanylate;
cyclase activity, both NFM 37 and NFM 72 exhibited a delay in the appearance of
«> »
enzyme activity (Figure 2). In contrast, Type II strains which aggregate 
normally but don’t sporulate exhibited a guanylate cyclase profile comparable 
to the wild type (Figure 2). The above results are consistent with the roles 
assigned to each of the components in the current 
requirement for a cQMP/cGMP-PD system in development as postulated by Ho and 
McCurdy (1980).
The addition of exogenous cAMP caused NFM 85, an agg"spo" 
strain to fruit (Table 8). Furthermore, studies on NFM 84, a low capacity 
fruiting strain revealed decreased levels of cAMP although the time of 
appearance of peak levels were the same as for the wild type (Figure 8). These • 
results support the idea of cAMP being a derepressor of development-specific 
genes. In addition, as was originally suggested by Ho and McCurdy (1980), 
cAMP-PD is confirmed to be a distinct enzyme from cGMP-PD. Its appearance in 
aggregation-defective strains (Table 3) suggested that its role in the 
aggregation response is to modulate the levels of the derepressor and that it 
is not required in the chemotactic system per se.
As an added confirmation of an earlier report by Burchard (1975), close 
cell-cell contact seems to be required for sporulation. This is evidenced byi
A '
pnodel and thus confirm the
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She fact that an aggregation-defective, non-sponilating strain, NFM 84, was . 
induced to sporulate when starved in liquid culture at high cell density.
Furthermore, this result implies that aggregation and sporulation are two 
separate pathways since by circumventing the^normal aggregation stage with 
artificial packing sporulation' could take place (results^not shown). The idea 
of two separate but linked pathways hag also been suggested by Morrison and 
Zusman (1979).
Finally, an extremely interesting and unexpected result surfaced. The 
addition of exogenous bovine PD to some agg*@po“ strains npt only accelerated
#•
development but actually induced sporulation (Table 5). This observation 
tentatively identifies a function for phosphodiesterase activity in sporulation.
To date no report has done so for M. santhus but PD has been implicated in the 
sporulation of D. dissoideum (Brown and Rutherford, 1980).
An assumption that the phosphodiesterase may be cAM P-PD may be correlated 
to several observations. Firstly, aggregation-capable, non-sporulatihg strains
have been shown to possess a functional eGMP /cGM P-PD system. Thus cGMP-PD
0
activity is present and still sporulation does not occur. The bovine heart 
phosphodiesterase used in the induction studies is known to hydrolyse both cAMP 
and eGMP (Goren and Rosen, 1972) and hence may provide a source of eAMP-PD. 
Ho and McCurdy (1980) have shown, that there is a large increase in extracellular 
cAMP concentrations just before sporulation. Unlike levels of extracellular 
eGMP, these levels of cAMP are maintained. The high levels of cAMP may be 
correlated with the report of an increased activity of adenylate cyclase just 
before sporulation (Devi and McCurdy, 1984a). These observations support the 
assumption, but before it can be| confirmed more work will need to be done.
8?
SUMMARY 
. *
This study was an attempt to clarify the roles of cyclic nucleotides in 
the development of .Mysoeoccus santhus through the use qf developmental mutMts.
Non-aggregating (agg^spop strh'ms consistently exhibited defects ' 
in the cGMP/eGMP-PD system postulated tp operate in ehemotaxis. Strains which 
could aggregate were shown to possess a eGMP/cGMP-PD system which did not show 
any defects. The. addition of exogenous phosphodiesterase to those strains 
lacking in cGMP-PD activity was able to compensate for the defect in most P  
cases. Two strains which' were not affected by exogenous phosphodiesterase were 
shown to have timing defects in the appearance of guanylate cyclase activity.
The addition of exogenous phosphodiesterase induced some aggregation-capable, 
non-sporulating (agg+spo") strains to sporulate thus implicating 
phosphodiesterase activity in sporulation.
The role of cAMP as a derepressor of development-specific genes was also 
supported. Furthermore, cAMP-PD was confirmed to be a distinct enayme from 
cGM P-PD..
' These results are consistent with our current model of cyclic nucleotide 
involvement in the morphogenesis and development of M. santhus.
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